Supplemental Text

Results and Discussion

Cloning AP2 domains for protein binding microarrays (PBMs)

PBM experiments require the protein of interest to be cloned with an epitope tag, purified, and
then incubated with a commercial double-stranded DNA microarray [1]. We therefore created
50 N-terminal GST fusion constructs for the AP2 domains in P. falciparum (Figure S2) and
measured their DNA binding affinities using PBMs [1-3]. These 50 constructs include 42
individual domains cloned as small, 60 amino acid proteins, four full-length proteins, and four
constructs that we have designated as domain-linker-domain (DLD) (Figure S2). In P.
falciparum there are five ApiAP2 proteins that have two AP2 domains located adjacent to one
another (tandem double domains) and are separated by a highly conserved linker sequence
(ranging in size from 12 to 79 amino acids). A similar arrangement is seen for plant AP2s,
where both domains in a tandem arrangement are required for DNA binding [4]. To test if both
domains are required in P. falciparum ApiAP2 proteins, we cloned the DLD arrangement for
four of the five tandem double domains (PFO7 0126, PFF0200c, PFL1900w, and PF11_0404)
and cloned the full-length protein for the fifth (PF11_0163). After initial screening of the 50
purified proteins, a large fraction did not bind well on the PBM. We subsequently re-optimized
our gene expression constructs for 23 AP2 domains, to include flanking residues that are likely to
be important for domain stabilization as predicted by Jpred [5] and re-tested these new constructs

(Figure S2).

PBM Reproducibility

To analyze the reproducibility of the PBMs we compared the position weight matrices (PWMs)
from replicate experiments using the approach previously described in CompareACE [6]. This
method calculates the Pearson correlation between the weight of the weight matrices. Two
motifs with a CompareACE score greater than 0.7 are considered similar, while a score of 1.0
indicates the motifs are identical. Using data from four replicates performed on different days,
the PWMs for PF13 0026 give Pearson correlation values all greater than 0.9 indicating the
motifs are nearly identical and the PBM data is highly reproducible.



Motifs associated with the blood stages of development

The majority of the binding motifs that we have identified are associated with ApiAP2 proteins
that are transcribed at specific stages of the intraerythrocytic development cycle (IDC) in P.
falciparum (Figure 1). Each of the major stages in the IDC (ring, trophozoite, early schizont, and
late schizont) is represented and contains at least three different ApiAP2 proteins with specific
binding preferences. ApiAP2 relative transcript abundance profiles recapitulate the full cascade
of gene expression previously described for the IDC [7,8] and implies that ApiAP2 proteins
function in each stage of the IDC to regulate transcription. Within each stage there are slight
differences in the temporal expression patterns for each ApiAP2 gene, suggesting that each

individual factor controls a distinct subset of genes at a given stage of development.

Motifs associated with ApiAP2 proteins in non-blood stages of development

While the majority of the P. falciparum ApiAP2 proteins are expressed during the IDC, several
ApiAP2 genes are expressed in other stages of the Plasmodium lifecycle. For example, the
ApiAP2 genes pfi1 0091, pfd0985w, pfl11 0442, and pff0200c are expressed in the IDC and also
show expression in the early stages of gametocytogenesis [9,10]. Interestingly, pf13 0026,

pfll 0091, pff0200c, and pf11 0442 are associated with the DOZI-associated translational
repression complex identified in female gametocytes (we did not identify a motif for PFD0200c
which is also repressed by DOZI) [11,12]. Of all the AP2 domains for which we found a motif,
only two ApiAP2 genes (pfl1085w and pf13_0026) are not expressed in the IDC and thus likely

function exclusively in one of the other stages of the P. falciparum lifecycle.

Motifs bound by multiple ApiAP2 factors

To rigorously evaluate the DNA sequence similarities between motifs, we used the STAMP tool
[13] to compare the PWMs for all of our motifs to one another and assign an e-value reflecting
how similar two motifs are (Table S1). This analysis identified PWMs from four different AP2
domains to be nearly identical to one another, with a consensus motif of CACACA. Three of the
ApiAP2 genes that bind this sequence element, pfd0985w, mal8P1.153, and pf14_0533, are all
maximally expressed during the late trophozoite/ early schizont stage of the IDC (Figure S13A).

In addition to their similar expression profiles, these three proteins share a number of conserved



residues in the predicted DNA-binding region of the AP2 domain (52% similarity in (3-sheet
region; Figure S13B). A phylogenetic tree using the 3-sheet region of the AP2 domains shows
that these three AP2 domains share more homology with each other than with other AP2
domains (Figure S13C). The fourth AP2 domain that binds the CACACA motif is not expressed
during the IDC and has a diverged domain sequence (Figure S13B and C), suggesting that

primary amino acid sequence alone cannot be used to determine DNA binding specificities.

A second sequence element identified for two different AP2 domains is the GTGCAC motif,
which is bound by both PF10_0075_ D3 and PFF0200c_DLD (Table S1). PFF0200c_DLD has
been shown to interact with two copies of this sequence in the SPE2 motif upstream of upsB var
genes, but does not bind to other occurrences of this motif throughout the genome [14], while the
function of PF10_0075_D3 is currently unknown. The sequence element bound by PFL1085w
also has moderate similarity to the GTGCAC motif. Other AP2 pairs with similarity between
their PWMs include PF14 0633 and PF11 0091, and PF13 0267 and PFF0670w_D2 (Table S1)

however, unlike the above examples these AP2 domains do not bind identical sequences.

Categorization of secondary motifs

Our secondary motifs fall into several previously defined categories [15] in relationship to the
primary motifs for each AP2 domain. Three motifs have variable spacer distances, with
nucleotide insertions or deletions within a core set of conserved bases. For example, the primary
motif for PF10_0075 D1 (GTCGAC) and one of the secondary motifs for this domain
(GTCGCGAC) reflect a variable spacer distance (Figure S3). The most common change that we
observed in secondary motifs (13 motifs) was one or more nucleotide changes at specific
positions, typically at either or both the 5’ and 3’ ends of the primary motif. It is likely that these
changes define a central core of the motif, consisting of nucleotides that are absolutely required
for binding. For example, the primary motif for PFF0670w_D?2 is eight nucleotides
(CTCTAGAG) while the secondary motif for this AP2 domain maintains the core four
nucleotides with changes at either end (ACCTAGGT). This result implies that the central
nucleotide positions are more important for binding, while the flanking residues may fine-tune
the affinity. For another 8 motifs, we observed specific nucleotide changes within the central

core of the DNA sequence, suggesting that some AP2 motifs have non-consecutive nucleotides



that are absolutely required for binding (Figure S3). Most striking was the ability of three
ApiAP2 proteins to bind multiple motifs with significantly different sequences, implying a level
of flexibility in the mode by which ApiAP2 domains interact with their target sequences (e.g.
multiple recognition interfaces or conformational changes). Several of the secondary motifs had
enrichment scores that were comparable to the primary motif, implying these sites are bound

equally well and likely have significant in vivo functions (Figure S3, Dataset S2).

Target gene refinement using perturbation data

Perturbation data are inherently richer in their information content with respect to gene
expression, because genes that respond in a similar manner to a perturbation are more likely to
be regulated by the same factor. Accordingly, we further refined our target gene predictions
using a recently published P. falciparum perturbation dataset [16]. This dataset has the potential
to highlight specific subsets of target genes that are co-ordinately regulated, which we can
exploit to better define activity profiles for the ApiAP2 motifs. The activity profile of each motif
was used to identify a refined list of target genes that were both enriched for the motif and also
responded in a similar manner to various perturbations across the IDC (Figure S7, Dataset S6).
This gives a narrower target gene list for each motif, many of which overlap with the predictions
made using the IDC co-expression data, and others that are novel target gene predictions (Table
1, Figure 4, Figure S8). A comparison of the relative mRNA abundance profiles of target genes
and the corresponding ApiAP2 factor shows stronger correlations compared to the IDC data, but
the overall trend (positive or negative relationship) remains unchanged (data not shown).
Functional annotation of the perturbation refined targets generally gave similar results to the IDC
predictions; however, for a number of motifs the predicted functions were more specific. For
example, one of the predicted functions of MAL8P1.153 target genes using the IDC data
includes DNA binding, which has also been previously suggested for this motif [17], and this is
narrowed to chromosome organization and biogenesis by including the perturbation data in our
analysis. Overall, the major functions possibly regulated by our motifs include key cellular
processes such as ribosome biogenesis and translation, as well as processes necessary for parasite

survival and entry into the host cell (Table 1).

Target genes in non-blood stages of development



To identify putative target gene sets from other stages, we analyzed gene expression data from P.
falciparum gametocytes and sporozoites [8,10]. Activity profiles for ApiAP2 motifs in
gametocyte data revealed activity for a number of the PBM derived motifs during
gametocytogenesis (Figure S10A). However, there is no motif that stands out with high positive
or negative activity as in the IDC time course, and in fact many motifs show a steady level of
activity throughout the entire two week period of gametocytogenesis (Figure S10A). Overall, it
appears that several ApiAP2 proteins are active during gametocytogenesis, but there are no
striking correlations between stages of gametocyte development, which is likely due to the

limited temporal resolution (daily) of the experiments.

We also looked for motif enrichment in Plasmodium zygotes. Two ApiAP2 motifs showed
activity during this stage, GCTAGC, which is bound by PF11 0442 and CACACA, which is
bound by PF13 0026 (Figure S10A). Interestingly, PF13 0026 is not expressed during the
asexual stage of development (Figures 1, Figure S13) and may therefore be functional for
parasite development in the mosquito. Again, our computational prediction of target genes based
on the PBM derived motifs is in complete agreement with the in vivo experimental data for this
stage. The P. berghei orthologue of PF11_0442 (PB000572.01.0) is synthesized in the female
gametocyte, but is translationally repressed until the zygote has been formed [11,12]. Upon
formation of the zygote PB000572.01.0 is translated, where it activates genes required for mid-
gut invasion of the mosquito [18]. We similarly predict PF11 0442 to be involved in activation
of target genes during the zygote stage, including a number of genes required for midgut

invasion (Dataset S7).

Activity profiles for our motifs in sporozoites identify PF14 0633, PFD0985w, and PFF0670w
as potentially active ApiAP2 proteins during this stage (Figure S10A). This result correlates
with in vivo data that has identified the P. berghei orthologue of PF14 0633 (PB000752.01.0) as
essential for formation of sporozoites, and defined the GCATGCA sequence as necessary for
regulation of sporozoite target genes [19]. The P. berghei orthologue of PFD0985w
(PB000863.01.0) has also been linked to the sporozoite stage, first as a target gene regulated by
PF14 0633 and second via transcript evidence of the P. berghei orthologue in salivary gland



sporozoites [19]. No experimental evidence is yet available to associate PFF0670w with the

sporozoite stage.

To identify AP2 motifs that are active during the liver stage, we used data from the rodent
malaria species P. yoelii [20]. The ApiAP2 proteins are conserved among Plasmodium spp. and
the AP2 domains are highly similar, suggesting that they are likely to bind the same DNA
elements. Activity profiles for our PBM derived motifs in the P. yoelii liver stage yielded a
number of motifs that are potentially active during this stage (Figure S11). Previous work
identifying genes that are upregulated in mosquito salivary gland sporozoites found evidence for
pf13 0235 at this stage [21], suggesting that it may be involved in regulating targets during the
liver stage. Supporting this hypothesis, we find the G-box motif bound by PF13 0235 DI to be
positively associated with gene expression at 40 hours post invasion. Included among these
target genes are a number of ribosomal proteins, which also show enrichment of G-box motifs
during the P. falciparum blood stages. However, when we examined the 76 P. falciparum
orthologs of the 98 liver stage P. yoelii G-box target genes, we found only 19 with a conserved
G-box motif in their upstream regions. This implies that although AP2 domains are conserved in

the Plasmodium spp., binding and target gene regulation may be species-specific.

Methods

Identification of IDC and perturbation co-expressed targets

Determination of stage and condition-dependent target genes for each AP2 was done in two
steps. In the first step, we used a statistical modelling approach to predict condition- and stage
dependent AP2 activity, based on their motif occurrences and gene expression profiles of these
conditions and stages. In the second step, we derive the set of genes that have at least one
occurrence of each AP2 motif and that correlate with the predicted activity of the same AP2 for
the considered stage or condition. Predicted AP2 activity was determined by quantifying how
accurately gene expression can be predicted by the number of AP2 motif occurrences in
upstream regions of the same genes. Each motif occurrence was weighted, using the ScanACE
score of the occurrence divided by the maximum achievable score for that AP2 motif as weight.

Then, for each gene expression array we studied, we fitted a linear regression model between the



log-transformed gene expression values (typically log-ratios between condition/stage and
control) and the combined weighted motif counts for all AP2s. In mathematical terms, the model
can be written as

E, = Eﬁjcii + B, +&

j=Lm

where E; is the expression value of gene i and ¢;;1s the weighted motif count of the /™ AP2 PWM
in the upstream region of gene i. The f; regression coefficients indicate how much each AP2
contributes to the expression values; in other words, they quantify AP2 activity in the studied
condition. S corresponds to the baseline gene- and motif-independent expression level. The ¢
term defines the residual stochastic error in the expression measurement, not accountable by
motif activity or baseline expression level. Of note, the general application of this modelling
approach to transcriptional regulation is not new and has been reported in several other papers
[22-24]. Model fitting, i.e. determination of the f; that best explain the expression values given
the motif counts, was performed using the Elastic Net approach implemented in the glmnet
library in R [25]. We used a=0.05 and estimated A using 10-fold cross-validation as described in
[25]. The Elastic Net approach has a number of advantages over other approaches (e.g.
traditional Ordinary Least Squares (OLS) and LASSO) in that it produces sparse models (where
many regression coefficients are set to 0) but also allows for correlated AP2 activities (that is,
two AP2s with similar motif counts in each upstream regions will contribute equally to the
model, unlike what would happen with OLS or LASSO). Overall model fit was measured as the
Pearson correlation between actual expression values and expression values predicted by the
fitted linear model. To account for model overfitting, models fits were always compared to fits
obtained from the same motif count data but from randomized expression values. The predicted
AP2 activities (fitted f; regression coefficients) were then used to define expression dataset-
dependent target genes. In datasets with multiple time points (e.g. the IDC), target genes are
defined as genes with at least one occurrence of an AP2 motif and whose expression profile
correlates positively with the activity profile of the same AP2 calculated across the same time
points. Correlation between expression profiles and activity profiles was quantified using the
Pearson correlation, and constrained to be >0.5 and with adjusted p-value <0.01 (corresponding
to 1% FDR). In datasets with single condition/stage, target genes were defined as genes with the

AP2 motif and whose expression “follows” the predicted AP2 activity (e.g. >2-fold up- or down



regulation depending on the sign of the AP2 f3; regression coefficient). All R scripts and Perl
programs used to perform these analyses are available at

http://physiology.med.cornell.edu/faculty/elemento/lab/ApiAP2/.

Analysis of nucleosome placement and binding site accessibility

Raw 36bp-long Illumina reads for the FAIRE-seq and MAINE-seq experiments downloaded
from the NCBI short read archive and aligned to the P. falciparum (release 6.0) genome using
the Burrows-Wheeler alignment program [26], with default parameters. Only uniquely mapping
reads (XT:A:U in the SAM format) were retained. For each experiment, the number of reads
mapping across (i.e. overlapping with) each position (nt) in the P. falciparum genome was
calculated. This defines a read count profile across the entire genome. Genome-wide short read
(36b-long) mappability was also computed using k-mer counting tools in GenomeTools
framework [27,28] so as to determine nucleotides in the P. falciparum genome that lie in regions
that are not unique in the genome, and therefore where a lower read count is expected compared
to unique regions. All motif occurrences in these regions were ignored in subsequent analyses.
For each FAIRE-seq and MAINE-seq datasets, we then determined the genome-wide 25th read
count percentile, i.e. the read count value such that 75% of read counts at mappable nucleotides
are below that threshold. Only nucleotide positions residing in mappable regions were used for
this calculation. MAINE-seq read counts above the 25th percentile and FAIRE-seq regions
above the 25th percentile were considered to be nucleosome-free regions/open chromatin. For
each 6bp-long AP2 motif occurrence, we then calculated the average read count in the FAIRE-
seq and MAINE-seq experiments, for all time points. These read counts were compared to the
25th percentiles thresholds described above to determine whether they fall in nucleosome-free

regions/open chromatin or not.
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